Abstract: Nanofibers could provide benefits due to high surface area for biomaterial scaffolds. In order to improve both silk fibroin and gelatin performance for potential biomedical applications, in this article the electrospinning of silk fibroin (SF)/gelatin (GT) blends with different composition ratio and concentration was performed with formic acid as a spinning solvent. The nanofibers morphologies and diameters were observed by Scanning electron microscopy (SEM). Blending with GT could improve the viscosity and spinnability of spinning solution. As-spun SF/GT blend nanofibers were more homogeneous and non-beaded than pure SF nanofibers. The diameter decreased with higher voltage at same electric field intensity. On increasing the concentrations of spinning solution, the pore diameter of nanofibers decreased, and the porosity increased. In addition, FTIR and DTA analyses showed SF/GT nanofibers had more β-sheets than pure SF nanofibers, which may be caused by an intermolecular interaction between SF and GT. Blending with GT also led to substantial enhancement in mechanical properties of SF nanofibers.
Introduction
Electrospinning offers an alternative approach to protein fiber formation that can potentially generate nanoscale diameter fibers. Nanofibers are very promising candidates in a variety of applications [1] , because they have several useful properties such as high specific surface area and high porosity. Three dimensional nanofibrous scaffolds were regarded as ideal material for tissue engineering since they can not only mimic the nanosized dimension of natural extracelluar matrix (ECM), but also form a defined architecture to guide cell growth and development as needed. This would be a useful feature in some biomaterial and tissue engineering applications to enhance surface area [2] .
Silk fibroin (SF) is a typical fibrous protein that shows unique physical and chemical properties [3] . Many researchers have recently investigated SF as one of candidate materials for biomedical applications because it has several useful properties including good biocompatibility, good oxygen and water vapor permeability, and minimal inflammatory reaction [4] [5] [6] . Kim [7] fabricated SF nanofibers membrane, Byung-Moo Min [8] further investigated cell activities of normal human keratinocytes and fibroblasts on SF nanofibers scaffolds. Tissue engineering scaffolds should have the ability to provide mechanical support and regulate cell activities. However, some researchers found pure SF nanofibers membrane were water soluble and mechanically weak [9] . In particular, when the SF nanofibers component was alone, it was difficult to regulate proliferation and differentiation of cells.
Gelatin (GT) is a good biodegradable polymer derived from collagens, which has almost identical compositions and biological properties as those of collagens [10] . In the biomedical field, GT nanofibers can be potentially useful in developing biomimicking artificial ECM for engineering tissues. Unfortunately, this material is poor in fiber processing, and the as-electrospun nanofibrous structure of GT is water soluble and mechanically weak [11] . This can limit its applications. Moreover, GT does have an important merit that it is a cheap biopolymer, which can be used as a blend component to prepare nanofibers membranes for tissue scaffolds [12] . Blending SF and GT should be able to improve both biocompatibility and mechanical performance of resulting nanofibers membranes. Until now, there is no report on electrospinning blend SF/GT nanofibers; studies on the biological application was very limited.
The objective of this study is to modify the morphology and mechanical properties of SF nanofibers with GT and further investigate the potential use of these biomaterial matrices as scaffolds for tissue engineering. We added the GT into the SF solution to improve the viscosity and spinnability of spinning solution and obtained nanoscale blend fibers by optimizing the processing parameters. The nanofibers morphologies, diameter, pore diameter and porosity were observed by SEM.
Results and discussion

Morphology of SF/GT nanofibers
-Influence of different ratio of SF/GT
In electrospinning, the morphology of electrospun blend nanofibers was varied with ratio of the different polymers. Many experimental observations show that viscosity has a power relation with concentration; Fig. 1 showed that the solution viscosities of SF/GT (70/30) blends increased with GT content. Fig.2 (a) ) had many irregular beads and ruptures. As seen in Fig. 2 (b, c) , electrospun SF/GT nanofibers were homogeneous, non-beaded and continuous. The viscosity of SF/GT blend solution was higher than pure SF solution. The requisite viscosity will improve the spinnability of blend solution, which made it easy for the splitting and draught of jet flow. However, as seen in Table. 1, the dispersion degree of the fiber diameters at 50:50 was very high because blend solution had very high viscosity (1110cP) at that ratio. At the ratio of 70:30, more continuous and uniform fibers were generated by electrospinning.
-Influence of different voltage at same electric field intensity
As is well known, the morphology of electrospun nanofibers is influenced by various parameters such as applied voltage, solution flow rate, distance between capillary and collector [13, 14] .
a.22kV/11cm b.26kV/13cm c.30kV/15cm It could be seen from Fig. 3 and Table 2 , the electrospun nanofibers diameters were different at same electric field intensity. Both diameters and dispersion degree were decreased at a high applied voltage, and the electrospun nanofibers were continuous and uniform. To our knowledge, the reason for that might be explained as following.
There was specific interaction between voltage and electrode distance, which influenced the fiber morphology. The solvent was vaporized entirely in the electric field intensity with high voltage and long electrode distance. Most of the fiber diameters were less than 100 nm at 30kV/15cm, and the average diameter determined from the imagine analysis was 106.5 nm. Theoretically, a smaller fiber diameter should be obtained under the operation conditions of a high applied voltage and a long electrode distance. To characterize the structure of SF/GT blend nanofibers, we examined the ATR-IR spectra in the amide I and II regions (Fig.4 and Fig. 6 ), and analyzed their thermal properties from DTA curves (Fig. 5 and Fig. 7 ).
-Influence of blending with gelatin As seen in Fig. 4 , SF nanofibers showed two absorption bands at 1652.7cm -1 (amide I) and 1539.7 cm -1 (amide II), obviously indicating random coil conformation. In contrast, SF/GT blend nanofibers showed strong β-sheet absorptions at 1632.5cm -1 and 1524.7cm -1 , which indicated some random coils converted into stable β-sheets. C, indicating the β-sheet content was increased. This result was consistent with FTIR analysis. As described above, it can be assumed that the conformational transition of SF in SF/GT blends is created by specific interactions between SF and GT, such as hydrogen bonding. (β-sheet), which also proved β-sheet content increased with the concentration of spinning solution increasing.
As seen in Fig. 7 , the temperature of thermal absorption peaks increased with increase in concentration of spinning solution. According to the above analysis, with the increasing concentration of spinning solution, the moles of SF and GT increased, so the hydrogen bonds increased between N-H, O-H and C=O groups in peptide chains, which resulted in relatively increased β-sheet content of the fibers. 
Property of SF/GT nanofibers -Porosity and pore diameter
As shown in Fig. 8 and Tab.3, the difference in fiber diameter among the electrospun fabrics led to difference in porosity and pore diameter among the fibers. With the solution concentration increasing, the pore diameter became larger. The reason may be as follows, the nanofibers diameters increased and the fibers lay more away from each other. a.10%
b.13% c.16% The preferred porosity of scaffolds used for cellular penetration should generally be within the range of 60-90% [17] [18] [19] , as demonstrated from experimental results, Porosity ranged from 85% to 89%, which were desirable for the scaffolds and facilitated the spreading and proliferation of cells. 
Mechanical property
The mechanical properties of non-woven fabrics depend on geometrical structures of fibers [20] . Fig. 9 present typical Stress-strain curves of electrospun SF/GT (70/30) membranes and the detailed data were shown in Tab. 4. The breaking tenacity increased from 1.48 MPa, 1.60 MPa to 2.25 MPa with increasing concentrations of solution from 10%, 13% to 16%. This indicated that a increase in the fiber diameter of fabric increased mechanical strength probably due to the increase of the fiber density (Tab. 4).
Tab. 4.
Experimental part
Materials
Raw silk fibers were degummed twice with 0.5 %( w/w) NaHCO 3 solution at 100 0 C for 30 min and then rinsed with warm distilled water. Degummed silk (silk fibroin, SF) was dissolved in a ternary solvent system of CaCl 2 /CH 3 CH 2 OH/H 2 O (1/2/8 in mole ratio) at 70 0 C for 6 h. After dialysis with cellulose tubular membrane (Sigma Co., 250-257μm) in distilled water for 3 days, the SF solution was filtered and lyophilized to obtain the regenerated SF sponges (45kDa).
Polymer gelatin of type A from porcine skin in power form was purchased from XinTa (Approx. 300 Bloom, Shanghai, China).
Electrospinning
Polymer gelatin of type A in powder and regenerated SF sponges were dissolved in formic acid (98 wt %) stirring at room temperature for 3 h to make it transparent. Different concentrations of 10, 13 and 16% w/w were prepared. The SF/GT blend solutions with different mixing ratios (100/0, 70/30, and 50/50 SF/GT, w/w) were prepared for electrospinning. For electrospinning, a high electric potential was applied to a droplet of solution at the tip (ID 0.8mm) of a syringe needle in a horizontal mount, the flow rate was 0.5 ml/h. The electrospun nanofibers were collected on a stainless mesh connected with a cathode. The distance between the needle tip and the collector (namely electrode distance) ranged from 7-15 cm and could be adjusted. The viscosity of SF/GT (70/30) blend solutions was measured using an Advanced Rheometer (Model AR2000) at 25 0 C.
Characterization of morphology
As-electrospun SF/GT fibers were dried under vacuum for 24 h. The electrospun fibers morphology was observed by a Hitachi S-570 scanning electron microscope (SEM), operated at an acceleration voltage of 15 kV, with magnification of 10 000. Based on the SEM photos, fiber diameters of the nanofibers membranes and standard deviation (STDEV) were analyzed using an image analysis program (Adobe Photoshop 7.0).
Microstructure
FTIR spectra were obtained by using a series spectrometer (Nicolet5700, PE LO. USA) in the spectral region of 4000 400cm -1 ; DTA curves were obtained through a Thermal Analysis Instrument (Diamond 5700, PE Co. USA) at a heating rate of 10 0 C/min, scan range of 40 400 0 C and nitrogen gas flow rate of 120 ml/min.
Mechanical properties
The mechanical properties of the electrospun fibers membranes (10×50×0.3) (mm) 3 were measured with a crosshead speed of 20 mm/min by using an Instron tensile tester (Model 3365) at ambient condition. Gauge length was set at 30 mm and a load cell of 100 kgf was used. The tensile strength per cross-sectional area (kg/mm 2 ) and the ratio of the relative elongation to the initial film length at break (%) were determined from an observation of the stress-strain curves. The ambient condition was controlled to be 20 0 C and 70% humidity. All samples were stored in the ambient condition before test. Each test was performed 5 times.
Porosity and pore diameter
We calculated the porosity according to the method Vaz described [9] . The porosity (ε) was calculated from the measured average density of the samples and the standard density of SF/GT (ρ 0 =1.1g/cm According to the SEM photograph, the area of the pore was calculated and then converted into one of circle. The circular diameter was regarded as the pore diameter [21, 22] .
